Objectives: To explore the association of colorectal cancer with environmental solar radiation and sun exposure behavior, considering phenotypic variables (eye color, hair color and skin phenotype), dietary intake of vitamin D and calcium, and socio-demographic factors. Study design: Multicenter population-based frequency matched case-control study in Spain (MCC-Spain), with 2140 CRC cases and 3950 controls. Methods: Data were obtained through personal interviews using a structured epidemiological questionnaire that included socio-demographic data, residential history, environmental exposures, behavior, phenotypic and dietary information. An environmental-lifetime sun exposure score was constructed combining residential history and average daily solar radiation, direct and diffuse. Logistic regression was used to explore the association between different variables. A structural equation model was used to verify the associations of the conceptual model. Results: We found a lower risk of CRC in subjects frequently exposed to sunlight during the previous summer and skin burning due to sun exposure. No association was observed in relation to the residential solar radiation scores. Subjects with light eye or light hair colors had a lower risk of CRC that those with darker colors. Dietary calcium and vitamin D were also protective factors, but not in the multivariate model. The structural equation model analysis suggested that higher sun exposure was associated with a decreased risk of CRC, as well as https://doi.T dietary intake of calcium and vitamin D, and these factors are correlated among themselves and with environmental solar radiation and skin phenotypes. Conclusion: The results agree with previous observations that sun exposure, dietary vitamin D and calcium intake, and serum 25(OH)D concentration reduce the risk of CRC and indicate that these factors may be relevant for cancer prevention.
Introduction
Colorectal cancer (CRC) is the most frequent intestinal cancer worldwide, accounting for 447,000 incident cases in 2012 and 215,000 deaths in Europe (Arnold et al., 2013; Ferlay et al., 2013; Forman, 2010) . Risk factors for CRC include advanced age, medical history of benign adenomatous polyps, inflammatory bowel diseases, diabetes, family history of CRC, low intake of vegetables and fruits, and high intake of dietary fat and processed meat (Potter, 2008; van Duijnhoven et al., 2009; Weitz et al., 2005) . There is growing evidence of the association between sun exposure and CRC (van der Rhee et al., 2013) . The association of sun exposure and cancer was initially proposed > 80 years ago by Peller, who had observed that occupations with a high incidence of skin cancer, like US Navy personnel, had a lower rate of other cancers (Peller, 1936; Peller and Stephenson, 1937) . Following this hypothesis, Apprely described a reduced cancer mortality in North America in relation to solar radiation (Apprely, 1941) . Since exposure to ultraviolet-B radiation from the sun produces vitamin D, and this vitamin is involved in calcium absorption, it has been hypothesized that this effect could be mediated through calcium and vitamin-D metabolism (Garland and Garland, 1980) , an approach that has been supported by subsequent research (Di Rosa et al., 2013; Hart et al., 2011; Moukayed and Grant, 2017) . All these factors, including behavioral, life-style and genetic background, may be interrelated and cross-influenced.
Here we have analyzed the association of CRC with the sun exposure and life-style, considering skin, hair and eye color phenotypes, dietary vitamin D and calcium intake, and other socio-demographic factors in a large multicenter case-control study conducted in Spain.
Methods

Study design and data collection
MCC-Spain is a population-based multicenter case-control study carried out between September 2008 and November 2014 in 12 Spanish provinces (Castano-Vinyals et al., 2015) . The study included 6090 participants: 2140 CRC cases and 3950 controls (see Table 1 ). Cases were identified in the 23 collaborating hospitals through active search and invited to participate as soon as possible after the diagnosis was made. Population-based controls were randomly selected from the administrative records of selected primary care health centers located within the hospitals' catchment areas and were telephonically invited to participate. Inclusion criteria were age 20-85, residence in the catchment area for at least 6 months prior to the recruitment and being capable of answering the epidemiological questionnaire. We included histological confirmed incident cases of cancer of the colon or rectum (C18, C19, C20, D01.0, D01.1, D01.2), with no prior history of the disease. Controls were frequency-matched to cases, by age, sex and region, ensuring that in each region there was at least one control of the same sex and 5-year interval for each case, and we excluded those controls reporting previous personal history of CRC.
Ethical issues
The protocol of MCC-Spain was approved by the Ethics committees of the participating institutions. All participants were informed about the study objectives and signed an informed consent. Confidentiality of data was secured removing personal identifiers in the datasets.
Questionnaire
A structured computerized epidemiological questionnaire was administered by trained personnel in a face-to-face interview (http:// www.mccspain.org). Information was collected on socio-demographic factors, residential history, lifelong retrospective environmental exposures, including sunbathing, phenotype and personal/family medical history. Participants also filled in a semi-quantitative food frequency questionnaire (FFQ) that was a modified version from a previously validated instrument in Spain (Garcia-Closas et al., 2007) to include regional products. The FFQ was self-administered and returned by mail of filled out face to face (global response rate 88%). The FFQ included 140 food items with portion sizes and photos to assess usual dietary intake during the previous year. Cross-check questions on aggregated food group consumption were used to adjust the frequency of food consumption and reduce misreporting of food groups with large numbers of items. Nutrient intakes, specifically calcium, vitamin D and total energy intake, were estimated using food composition tables published for Spain, and other sources (Farran et al., 2003) . These tables included vitamin D from meat and fish products. After the interview, biological samples and anthropometric data were obtained following the study protocol. Height, weight, hip and waist circumference were measured during the interview. Height and weight at different ages prior to interview were self-reported.
Lifetime solar radiation exposure estimation
The average daily-solar radiation by square meter (kWh/m 2 ) during the period 1983-2005 was obtained through the network of the National Agency of Meteorology in Spain (www.aemet.es). These measurements were used to estimate a lifetime sun exposure score (S) as the total sum of average daily-solar radiation exposures in the place of residence in life-time (R), weighted by the time living in each place in years (t), divided by age (a) at the time of study inclusion:
S was estimated separately for direct radiation (those directly received from the sun), and diffuse radiation (those received indirectly through diffusion or reflection of sunlight). Also, total lifetime solar ration exposure was estimated as the sum of direct and diffuse radiation.
Statistical methods and data management
Unconditional logistic regression was used to assess the association between the different variables and CRC risk. Two types of models were used. First, one that include design variables and major CRC risk factors that should be considered to avoid confounding: age, gender, site of recruitment, education level and Body Mass Index (BMI) estimated at 45 years old or 10 years-previous to cancer diagnosis. The second model, called multiple adjusted, also included all other variables related to sun exposure and diet assessed in this study. Multivariate-adjusted odds ratios (OR) and their corresponding 95% confidence intervals (CI) were calculated for each exposure. To adjust the effect of total energy intake, estimates of calcium and vitamin D dietary intake were expressed as nutrient density values: the ratio of the amount of a nutrient intake to the total energy in kcal (Drewnowski and Fulgoni, 2014) . We also fitted structural equation models (SEM) in an attempt to verify the conceptual model and assess the direct effect of sun exposure on CRC, and also its indirect effect mediated through dietary intake and lifestyle-related factors. SEM consider simultaneously the covariance structure among latent variables that have been quantified by diverse directly measured variables, and the regression of these variables with the outcome, CRC. SEM allows to test the conceptual model, distinguishing between direct and indirect effects and provides information on the degree of fit for the entire model. The maximum likelihood estimate method yields estimates of the regression coefficients in the model, standard errors and an overall goodness-of-fit test. Since SEM require complete data, missing values for dietary intake, BMI and sun exposure were imputed using a k-nearest neighbors approach. Also, to adjust for multiple known risk factors for CRC, a quantitative adjustment score was calculated from the linear predictor of a logistic regression model that included age, sex, recruiting site, education, family history of CRC, regular aspirin or NSAID use, BMI at age 45, physical activity, alcohol, vegetable intake, red and cured meat intake. These analyses were performed with the R package Lavaan (Rosseel, 2012) . Table 1 summarizes the characteristics of the study participants, disaggregated by cases and controls. Although we used a frequency matched controls, some imbalances were observed. Controls were younger, more often women and had attained a higher level of education than cases. For this reason, all analyses were adjusted for these design factors. Usual risk factors for CRC were confirmed in this study: family history of CRC, diabetes, alcohol, energy intake, red and processed meat intake, and BMI. Physical activity, regular aspirin and NSAID use and intake of vegetables were protective factors.
Results
Sun exposure behavior
We found a decreased risk of CRC for participants that reported frequent or very frequent (OR = 0.81, 95% CI = 0.69-0.95) exposure to the sun during the last summer (P value for trend 0.002, Table 2 ).
The association was not observed for the reported exposure during the summer 10 years before. A marginally non-significant association was found for the reported high frequency of episodes of skin burning during the last 30 years (OR = 0.87, 95% CI = 0.72-1.04). Outdoor professional activity (farmer or mason) also showed a marginally nonsignificant association with CRC in the multivariate adjusted model (OR = 0.85, 95% CI = 0.71-1.01). A lifestyle score was calculated for each individual, as the sum of previous variables coded as 0,1,2. This score, which summarized the diverse questionnaire variables in an unweighted additive form, confirmed the negative association of sun exposure to CRC (OR per score point = 0.96, 95% CI = 0.93-0.99).
Lifetime residential solar radiation exposure
We calculated individual scores of life-time residential exposure to direct and diffuse solar radiation. Overall, cases had received similar solar radiation than controls, with a mean total radiation of 4.48 kWh/ m 2 for cases and 4.43 kWh/m 2 for controls ( Table 2) .
Phenotypic variables
We did not find any association between skin darkness phenotype and CRC (Table 3) . Regarding hair and eye color, the analysis showed higher risk for individuals with dark hair (OR = 1.16, 95% CI = 1.00-1.35) or dark eyes (OR = 1.40, 95% CI = 1.25-1.57), compared to individuals with light color.
Dietary factors
We found for both calcium (OR = 0.89, 95% CI = 0.85-0.94) and vitamin D intake (OR = 0.93, 95% CI = 0.86-1.01) showed a protective effect, though these associations were not significant in the multivariate adjusted model (Table 4) .
Analysis of subgroups
The analyses were consistent between women and men, though the associations were weaker among women ( Supplementary Table 1 ). The analysis stratified by cancer site also showed similar associations for tumors in the colon and in the rectum. Though the effect estimates were similar, associations often did not reach statistical significance for rectal cancer, due to the smaller sample size of this group ( Supplementary  Table 2 ).
Structural equation model analysis of the conceptual model
We built a conceptual model from the observed associations in the multivariate analyses previously described and tried to fit structural equation models to identify the associations resistant to adjustment for indirect effects. From a fully related model, a backward elimination stepwise procedure ended with the model shown in Fig. 1 . Arrows represent those associations that remain significant in the model, and the corresponding number is an estimate of the standardized effect size. Circles represent the latent variables and squares the measured variables. The results confirmed the direct protective effect of sun exposure on CRC and a stronger effect of dietary calcium and vitamin D, that correlated negatively with sun exposure. Environmental residence radiation had no direct effect on CRC, but it was significantly correlated with sun exposure and phenotypes. Similarly, phenotypes did not show a direct effect on CRC, but were correlated with dietary intake and sun exposure.
Discussion
The hypothesis that sun exposure may reduce the risk of cancer, and specifically CRC, has been explored before, generally with consistent results Grant, 2013, 2017; van der Rhee et al., 2013; van der Rhee et al., 2006) . Most prior studies are consistent with ours in finding a protective effect of sun exposure towards CRC, but this effect was only significant in some subgroup analysis in studies with individual level data (Freedman et al., 2010; Lin et al., 2012) . Our results suggest that this effect is real, possibly mediated by vitamin D metabolism, and cooperates with dietary calcium and vitamin D, since a significant direct effect remains in the joint analysis adjusted for dietary variables.
Regarding sun exposure, we have found a number of questionnaire variables related to behavior and outdoor professional activity that were protective regarding CRC. Our analyses were multivariate adjusted, including education as a measure of socioeconomic status and all established risk factors for CRC to reduce confounding. Previous studies have found outdoor activity (sun exposure) as a protective risk factor against CRC (van der Rhee et al., 2013) , but these studies used rather different exposure measurements (based on personal interviews about ambient exposure or outdoor activity), and it is difficult to replicate the same findings elsewhere. The relation between sun exposure and cancer risk was initially assessed by Apprely (1941) , who followed the hypothesis proposed by Peller (Peller, 1936; Peller and Stephenson, 1937 ) and observed CRC mortality among different latitudes in the US. Since then, increasing evidence has cumulated from ulterior ecological and association studies (Grant, 2007 (Grant, , 2012 van der Rhee et al., 2013; van der Rhee et al., 2006) . However, we are not aware of studies that use direct measurements of solar radiation to ascertain the causal effect of solar radiation on CRC risk, surely due to the methodological constraints to carry out such measurements. In our study we explored this hypothesis using questionnaire data and a lifetime score of estimated exposure disaggregating between direct and diffuse radiation (as an estimate of individual sunlight exposure). Though these variables were not statistically significant when analyzed in logistic regression models, the combined analysis in the SEM model did show that these variables are significantly correlated to questionnaire measurements of sun exposure and also to skin phenotypes, which supports the hypothesis that solar radiation plays a role in the etiology of CRC. Our data suggest that high frequency of episodes of skin burning during the last 30 years or outdoor professional activity are associated with a reduced risk of CRC. These factors, combined in a personal sun exposure score, show a clear significant association that is more difficult to see in specific questionnaire variables, that show a tendency but not completely clear as previously seen (Yang et al., 2011) .
The widespread belief is that the effect of sun exposure was mediated through the promotion of 25(OH)D synthesis in the skin, the active form of vitamin D, as pointed out in the seminal paper of Garland and Garland (Garland and Garland, 1980; Grant, 2018) . The main role of 25(OH)D is the regulation of absorption of calcium and other minerals in the gut, though it exerts other actions relevant for cancer prevention (Moukayed and Grant, 2017) . In addition to sun exposure, food intake is a relevant source of vitamin D. Animal meat and fish are rich in vitamin D, but nutrient estimates from food frequency questionnaires involve measurement error, and nutrient composition tables may not accurately reflect the vitamin D content (Crowe et al., 2011) . Also, dairy products, mainly milk and butter, are often supplemented with vitamin D and calcium. Unfortunately, we do not have direct measurements of nutrient levels to completely analyze the mediation effect, but in agreement with this hypothesis, we have found lower risk of CRC with higher dietary calcium and vitamin D intake (Garland et al., 1985; Garland and Gorham, 2017; Song et al., 2015) and the SEM model estimates a significant association with CRC. Also, our SEM estimates revealed a significant correlation between the latent variables related to dietary intake of vitamin D and calcium, sun exposure and skin phenotype, which indicate that these variables may play a coordinated role in CRC prevention (Fig. 1) . The mechanisms underlying the protective effect of vitamin D and dietary calcium intake are still poorly understood. It has been suggested that Ca 2+ exerts various protective mechanisms in the colon like binding toxic bile acids and ionized fatty acids (vitamin D independent pathway) ( Van der Meer and De Vries, 1985) or by regulating cellular proliferation or stimulating apoptosis at intracellular level (probably vitamin D dependent) (Ahearn et al., 2011) . Vitamin D regulates calcium absorption, but there is growing evidence suggesting that it may act through multiple biological calcium-independent pathways, promoting or suppressing specific cellular events, including tumor genesis (Ferrer-Mayorga et al., 2018; Hargrove et al., 2014) . Vitamin D is involved in mitochondrial metabolism (Ricca et al., 2018; Seyfried, 2015) and may have an anti-inflammatory effect (Meeker et al., 2016; Yin and Agrawal, 2014) . Also, vitamin D may interfere with the colon microbiota metabolism (Shang and Sun, 2017) . Then, without excluding a synergistic/interaction between vitamin D and calcium, results to date suggest that they may act as independent protective factors against CRC. It is worth noting that we did not find any statistical interaction between vitamin D and calcium intake, supporting this last idea. Finally, regarding mechanisms, it has been suggested that solar exposure may also influence cancer development by pathways independent of vitamin D, and an induced immune-suppression effect has been attributed to ultraviolet radiation (Gibbs and Norval, 2013) .
Unfortunately, sunscreen use was not requested in our study's questionnaire. We know, however, that sunscreen use is very frequent in Spain, at least during the summer (> 75% of the population) (Cercato et al., 2015; Galan et al., 2011) . Sunscreen is recommended to prevent skin cancer, but guidelines (WHO, 2003) are not universally followed and a history of sunburns is very common (70%).
The intriguing finding that dark eyes or dark hair color, but not dark skin, was associated with a risk was inconsistent with previous results from Sweden (Yang et al., 2011) . This finding could be explained either by a subtle selection bias or it might be related to behavior. In our data, people with dark eyes were less exposed to sun, which is consistent with an indirect increased risk of CRC as manifested in the SEM model, where the phenotype latent variable was not directly associated to CRC.
According to our findings and exposed arguments, Fig. 1 presents the idea that the pathogenesis of CRC is a complex process influenced by multiple dietary, genetic (phenotype) and environmental factors, all acting directly or through different mediating pathways.
The results were consistent between women and men, though associations were weaker among women ( Supplementary Table 1 ). This could be related to differential adiposity, which may have an effect in the availability of vitamin D (Lagunova et al., 2009) . Similar associations were observed for tumors in the colon and in the rectum (Supplementary Table 2 ). Statistical power to find significant associations or interaction was limited in these subgroup analyses, but no relevant differences were observed in the effect estimates.
This study has several limitations. Firstly, it is a retrospective study and subject to a number of biases (recall and selection bias), there is no direct measurement of sun exposure and we used self-reported questionnaire data and an ecological imputation of sun exposure based on the place of birth and life-time places of residence, which in turn may be confounded by other environmental factors. Also, we do not have direct measurements of vitamin D levels to analyze the mediation effect of this vitamin as an explanation of the observed protective effect of sun exposure.
In summary, the consistent findings with previous research regarding sun exposure and dietary vitamin D and calcium intake reducing the risk of CRC indicate that these factors may be relevant for cancer prevention.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.envint.2018.09.030.
